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Abstract
The purpose of this study is to develop ball-screws lubricated by
solid lubricant films containing molybdenum disulphide. The ball-screws
(shaft diameter: ¢ 25mm, length: 667mm) were operated under a load of 40 to
120N at a speed of 1.5 to 200 rpm at 10 -6Pa. First, ball-screws made of
stainless steel SUS 440C were studied using test equipment originally
designed for this study. To reduce weight, the next step taken was to
develop a ball-screw made of 6A1-4V-Titanium.
Long wear-life of more than lxlO 7 revolutions was achieved with solid
lubricated ball-screws made of SUS440C and 6A1-4Y-Titanlum in a hard vacuum.
According to the surface profile of the shaft measured after lxlO 7
revolutions, more solid lubricant remained on the surface of
6A1-4V-titanium than that of stalnless-steel. Auger and EPMA analysis
confirmed lubrication was maintained by solid lubricant on nuts and screws
after the lubricant films on the balls were worn off.
Introduction
Rotating parts of space mechanisms are supported by sliding and roll-
ing bearings. Among them a ball-screw provides a unique function: chang-
ing linear motion to rotation or vice versa with high energy efficiency.
The need for a ball-screw for space use has been increasing, as space
structures become larger and more complicated. For instance, a deployable
test bed 1 will be realized only when a solid-lubricated ball-screw is
employed. However, thefriction and wear mechanism for a ball-screw for space
use, when lubricated by a solid lubricant, remains unsolved. A limited
number of papers referred to this unique machine element for space use 2"3
Tribologlcal behavior of a ball screw is of particular interest
because it operates under a rolling-sliding frictional condition which is
somewhat different from rolling or sliding friction.
This paper describes research and development of ball-screws
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lubricated by inorganic-bonded molybdenum disulphide films.
Experimental Procedures
1) Test Equipment
Fig. 1 shows the schematic diagram of the apparatus originally
designed for this experiment, h shaft is set up vertically in the vacuum
chamber and load is put on a nut by a dead weight. Lubrication
characteristics of a ball-screw were studied by measuring frictional torque
variation using strain-gages bonded on a plate spring which was set between
a magnetic feedthrough and a ball-screw rotating shaft. Accordingly, the
measured friction torque represents that of a ball screw and supporting
bearings.
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Figure 1 Schematic diagram of Apparatus
2) Test Specimens
The shape and size of ball-screw specimens used in this study are
presented in Table 1 and Fig. 2. h ball:screw consists of three components:
a screw shaft, 25mm in diameter and 667mm length wlth 6mm pitch, balls, and
a nut with circulation parts. We selected
two materials for a shaft and a nut.
One is stainless steel, the other
is 6hl-4V-tltanlum. Balls were made
of stainless steel SUS 440C
(equivalent to AISi 440C) and have
diameter of ¢ 5/32"( ¢ 3.969mm). All
parts were coated with an inorganic-
bonded molybdenum disulphide film.
Table 1 Specification
of Testplece
Shaft Diameter _25
Lead 6ram
Ball Diameter 5/32"(3.969mm)
Stainless Steel
Material Ti alloy
Lubricant MoS t Solid Lubricant
z
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Figure 2 Ball Screw and Dead Weight
3) Test Condition
Test conditions are given in Table 2.
Pressure in the test chamber
was kept less than 10 -6 Pa during
testing. Tests were carried out at
room temperature under an axial
load of 40(Hertzian Contact Pressure:
95.6 MPa) to 120 N(157.7 MPa).
The rotational speed of a shaft was
typically 200 rpm but in some cases
it was varied from 1.5 to 200 rpm
In order to know the effect of
rotational speed. Tests were
terminated either when the
frictional torque exceeded 2.5 N-m,
or when the total number of rotations
was over 1 x 107 revolutions.
Table 2 Test Conditions
Pressure 10-b Pa
Load 4ON~ 120N
Temperature Room Temperature
Rotational Speed 1.5,_, 200rpm
Results and Discussion
Stainless Steel Ball-Screws
Table 3 summarizes all test results obtained wlth stainless steel
ball-screws. Three specimens used were designated as 001, 002 and 003.
Testplece 001 was run under a load of 95.6, 109.3, 137.7, and 157.7
MPa(Hertzian contact pressure). The operating stroke of the nut was shortened
whenever the load was Increased. This made the comparison of shaft surfaces
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under different load conditions possible. Changesof friction torque wlth
increase of loadare presented in Fig. 3. Surface roughness and surface
profiles of the shaft after the test are given In Table 3 and Fig. 4,
respectively.
Table 3 Test Results of 440C Ball Screws
T/P No.
001
002
003
(a) 95.6 6.74 xlO e
(b) 109.3 1.34 xlO e 1.0
(c) 137.7 0.79 xlO e 1.0
(d) 157.7 0.70 xlO e 1.0
157.7 1.00 xlO 8 1.0
157.7 1.40 xlO v 3.0
Ra Pk.to Vag_
1.36 10.28
1.40 14.51
2.13 17.89
3.37 25.76
1.42 12.78
0.08 1.51
Film
1.0
Friction torque exceeded the upper
limit of 2.5 N.m when the specimen
performed 6.74 x 106 revolutions.
The specimen was disassembled and
inspected with the naked eye.
No damage was found except
accumulation of wear debris. Therefore,
debris was taken away and the operation
was restarted under a higher load of
109.3 MPa for 1.34 x 106 revolutions.
Sincethe friction torque remained
stable, the load was increased to 137.7
MPa for 0.79 x 106 revolutions and thento
157.7Mea for 0.7 x 106 revolutions when
the friction torque finally reached the
limit of 2.5 N-m.
Figure 5 illustrates variations of
maximum and average friction torque at
different speeds; these variations were
measured
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-*Figure 4 Surface profile of
specimen 001
Vertical Magnificationx 10000
Peak to Valley- 10.28_um
x2000
(b)
P-V • 14.51/Jm
x2000
(c) ......
P-V - 25.76 pm
under a load of 95.6 MPa after the
ball-screw was run about 4 x 106
revolutions.
At 100 rpm, both maximum and
average torque are Independent of rota-
tional speed. They increased gradually
as rotational speed exceeded 100 rpm.
When the frictional torque was
stable, the calculated mechanical
efficiency of the ball-screw was 0.95.
This efficiency is almost as high as
that of a conventional grease-
lubricated ball-screw.
To know the wear life under the
heaviest load(157.7MPa), the specimen
002 was operated successively until
the film was worn off. Variation of
friction torque is presented in Fig.
6. Friction torque exceeded 2.5 N.m at
1 x 105 revolutions.
In general, torque behavior is
divided into three stages as seen
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in the Figure. The first stage represents an lnltia] runnlng-in process and
is characterized by relatively high and unstable friction torque. In the
second stage, friction torque becomesstable and good lubrication is maintained.
In the third stage, friction becomes irregular.
Under a load of 157.7 MPa, the
film lost lubricating ability after
only lxl06 revolutions. Therefore,
thicker film(thickness:3 g m) was
tested with the specimen 003. E
To avoid blocking of operatlon
caused by wear particles, o
which was observed in the specimen
001, wear particle reservoirs were E
prepared in the nut. The result is seen
in Fig. 7. Though the test was interrupt- _=
.2
ed at 1.4 x 107 revolutions, no sign
of film rupture was found.
Fig. 8 indicates surface profiles
of the shaft. As shown in Fig. 9,
measurements were made at four polnts:
virgin area(point A), near end point
Figure 7 Variation of
friction torque of
specimen 003
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of operating region(point B), loaded side(point C) and unloaded side(point
D) of operating region. By comparing to virgin area where Ra is 0.59 zm
and e-V(peak to valley) is 4.54, we find the loaded side of operating area
-__P-V :1.501um
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Figure 8 Surface profile of specimen 003 after test
O_mting Region
Figure 9 _
Surface profile A _ Cl I i :::
. _n ____
test points -[--__5_55_u_u___
Wear_
20O
ORIGINAL F'AG£
BLACK AND WHITE PHOTOGRAPW._
(point C) has the surface roughness Ra of 0.08 and P-V of 1.5. This shows
the solid lubricant film is worn away almost to the substrate surface.
However, EPMA analysis indicated the existence of solid lubricants.
Virgin After Test
Figure 10 SL_Mpicture of ball surface before and after test
Solid lubricants were found on loaded areas of the shaft but not on
balls. Figure 10 compares a SE_ picture of a virgin ball and that of a
tested ball. The ball surface after test seems to have no lubricant film.
This was confirmed by analysis using a Scanning Auger Microprobe Analyzer
(Fig. 11 in the next page). Elements of solid lubricant films found on the
ball before test(Mo, S, hg and Sb) were lost on the tested ball. Operation
of the ball-screw was not af-
fected, as seen in Fig. 7.
Thus, lubrication was main-
tained by films remaining on
the shaft and nut after solid
lubricants on balls were
exhausted.
Ti-6A1-4V Ball-Screw
To reduce weight, a ball
screw made of 6A1-4V-T1 alloy
was developed. 40 _ reduction
in weight was achieved by
changing material from stain-
less steel to titanium alloy.
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Figure 12 Variation of friction
torque of 6A1-4V-Ti ball-screw
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Figure 11 Auger spectrum of ball of specimen 003 before and after
test
(A) BEFORETEST
Mo C Ag
Mo Sb 0
S
Cr
C
.... (B) AFTER TEST
Fe Fe Fe
l I I J, I I ,. I I I I I
0 200 400 600 800 1000
ELECTRONENERGY , eV
This Ti-6A1-4V bail screw was examined under the same conditions(157.7 MPa
and 200 rpm) as the stainless-steel ball-screw 003. Variation of friction
torque is given in Fig. 12. The specimen was successfully run to 2.0x107
revolutlons. It exhibited low friction and a friction pattern similar to
the stainless-steel ball-screw. VedicalMag_ficationxlOOOO
Surface profiles of the
shaft are shown in Fig. 13. (A)_rgbArea
Figure 14 presents pictures
of the shaft surfaces. EPMA
analysis revealed that again,
no component of the film was
found on the ball surface.
tlowever, more solid lub-
ricant seems to be left on the
titanium alloy shaft than on
the stainless-steel shaft.
Considering the fact that theTl
shaft was operated 6 x 106
revolutions more than the 440C shaft,
we conclude that the newly-
developed 6hl-4V-titanium ball-
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Figure 13 Surface profile of titanium
alloy shaft
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Figure 14 Surface of titanium shaft after test
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screw possesses better performances than 440C ball-screw.
Conclusion
Solid lubricated ball-screws made of stainless steel and titanium alloy
were tested in ultra-high vacuum and found to be applicable to space
mechanisms. A 40 _ reduction in weight was possible with a newly-developed
6hl-4Y-Ti ball-screw compared to a stainless-steel one. The titanium alloy
ball-screw demonstrated better lubricating ability than that of SUS 440C.
Obtained results can be summarized as follows:
(1)Long wear-life of more than 1 x 107 revolutions was achieved with
ball-screws lubricated by an inorganic-bonded film under a load of 157.7
MPa at 200 rpm at 10 -6 Pa.
(2)h 6A1-4V-titanium ball-screw was developed and exhibited longer wear
life than ones made of 440C.
(3)The mechanical efficiency of the tested solid lubricated ball-screw
reaches 0.95 under good lubrlcating conditions.
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